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The oxygen reduction reaction (ORR) is a fundamental reaction in fuel 
cells to generate power, for which ternary Pd-based with carbon based catalyst 
plays an important role. Herein, we report the three steps synthesis of ternary Pd-
M (M= Fe, Co, Ni) incorporated nitrogen doped graphene (N-rGO) composite, 
which generated high ORR activity, good stability, and tolerance for methanol 
oxidation in alkaline media. This method involved a microwave hydrothermal to 
synthesize nitrogen doped graphene, an emulsion to synthesize ternary Pd-M, and 
a rota-evaporator technique to make a composite. For ORR, decreased activity 
were found PdFeCo/N-rGO > PdCoNi/N-rGO > PdFeNi/N-rGO. The PdFeCo/N-
rGO catalyst has demonstrated the highest electron transfer number, which is 
close to dominant four electron pathway, and also generated least yield of % HO2
-. 
This confirmed to X-ray diffraction (XRD) pattern of PdFeCo/N-rGO also 
showed the smallest crystallite size and the highest ID/IG which caused extra 
defects on carbon, thus led to increase ORR activity. There is no obvious 
agglomeration and the homogeneous distribution of PdFeCo/N-rGO nanoparticles 
over the layered graphene sheets were clearly observed from field emission 
scanning electron microscopy (FE-SEM) and representative field emission 
transmission electron microscope (FE-TEM) images. In addition, the X-ray 
photoelectron spectroscopy (XPS) was studied for elemental composition and 
presence highest precentage of graphitic-N which can increase active site leading 
to enhance the ORR activity. 
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Oxygen reduction reaction (ORR) adalah suatu reaksi dasar dalam sistem 
sel bahan bakar untuk menghasilkan energi, dimana berbasis Pd yang 
dikompositkan dengan dengan material berbasis karbon memainkan peranan 
penting. Kami telah melakukan sisntesis komposit Pd-M (M = Fe, Co, Ni) 
dengan nitrogen doped graphene (N-rGO), yang menghasilkan aktivitas ORR 
tinggi, stabilitas yang baik, dan toleransi untuk oksidasi metanol dalam media 
basa. Metodenya terdiri dari mickowave hidrotermal untuk mensintesis nitrogen 
doped graphene, metode emulsi untuk mensintesis ternari Pd-M, dan metode rota-
evaporator untuk mengkompositkan Pd-M/N-rGO. Performa ORR yang 
dihasilkan meninjukkan PdFeCo / N-rGO> PdCoNi / N-rGO> PdFeNi / N-rGO. 
Katalis PdFeCo / N-rGO menghasilkan jumlah elektron transfer tertinggi yang 
menunjukkan kecenderungan mekanisme empat elektron serta menghasilkan % 
HO2- yang kecil. Hal ini juga terkonfirmasi pada analisa X-ray diffraction (XRD) 
dari PdFeCo/N-rGO yang menunjukkan ukuran kristal terkecil dan ID / IG 
tertinggi yang menyebabkan cacat ekstra pada karbon, sehingga menyebabkan 
peningkatan aktivitas ORR. Tidak ada aglomerasi yang jelas dan distribusi 
homogen dari nanopartikel PdFeCo / N-rGO di atas lembaran graphene berlapis 
yang jelas diamati dari field emission scanning electron microscopy (FE-SEM) 
dan field emission transmission electron microscopy (FE-TEM). Selain itu, X-ray 
photoelectron spectroscopy (XPS) digunakanuntuk mengetahui komposisi 
masing-masing elemen dan prosentase tertinggi dari grafitik-N yang dapat 
meningkatkan aktivitas ORR. 
 
Keywords: ternari Pd-M (M = Fe, Ni, and Co), N-rGO, oxygen reduction 
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1.1 Research Background 
The ORR is a fundamental reaction in fuel cells to generate power. During its 
evolution, there are many fuel cell unit configurations are proposed, based on 
different electrolyte and electrode materials, catalysts and operation temperatures. 
Solid-state alkaline exchange membrane fuel cell (AEMFC) is considered to be a 
more promising energy conversion device for stationary and mobile applications 
compared with the acidic fuel cell because of the enhanced reaction kinetics for 
both oxygen reduction and fuel oxidation in the alkaline medium, which can lead 
to higher efficiencies [1]. The advantage over other fuel cells is easier to operate 
at low temperature (23-70°C) [2]. 
Regarding for fuel cell operation, carbon-supported platinum (Pt/C) catalyst 
has well known as the best material for cathode catalyst fuel cell application due 
to high ORR performance. However, Pt catalyst materials are limited reserve, 
high cost, and instability of the fuel cell operating condition [3]. Moreover, Pt NPs 
at the cathode under electrochemical oxidation conditions tend to migrate and 
grow through Oswald ripening process [4]. Therefore, numerous strategies have 
been employed. Some non-Pt based electrocatalysts were also suggested for 
oxidation reaction, but their stability was not unequivocally established [5]. The 
examination of ORR in alkaline solutions has revealed that Pd exhibits higher 
activity than in acidic solutions due to a decrease in the anion poisoning effect in 
alkaline solutions [6-9]. The price of Pd is practically five times lower than the 
price of platinum. Transition metals serve as a promising alternative due to their 
intrinsic activity and sufficient stability in oxidative electrochemical environments. 
Among wide range of these metals, cobalt, nickel, and iron, have been extensively 
explored as bifunctional catalysts, capable of simultaneously catalyzing ORR. Not 
only do they show innate electrochemical capabilities, but their structural diversity, 
as well as their ability to be mixed, doped, and combined with other materials [10]. 
Pd exhibits considerable catalytic activity toward ORR, which promotes Pd alloys 
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as feasible alternatives in the development of nonplatinum catalysts with catalytic 
activity similar to that of Pt. The transition metals addition are used for alloying 
Pd such as PdFe [11-15], PdNi [16-17] and PdCo [18-21] have been been reported, 
which can increase ORR activity. Graphene has been extensively studied as an 
alternative support to enhance nanoparticle catalyst activity and durability owing 
to its high surface area, high conductivity, high stability, and strong interaction 
[22-28]. Doping graphene with heteroatoms such as nitrogen also has been 
demonstrated to significantly enhance the ORR activity of carbon based 
electrodes to facilitate the charge transfer and electrode-electrolyte interactions 
[29]. The benefit of doping nitrogen on reduced graphene oxide (rGO) support 
[30-32] has been suggested to interaction with Pd. Furthermore, the ternary 
nanoparticles show reduced OH adsorption energies and improved activity for the 
oxygen reduction reaction (ORR) compared to pure Pt nanoparticles [33]. 
Carrera-Cerritos et al. [34] has already studied the Pd nanobars and Pt 
nanoparticles deposited for comparison both on commercial carbon and reduced 
graphene oxide (rGO). The ORR activity order is as follows Pt/C > Pt/rGO > 
Pd/rGO > Pd/C. Ejaz and Jeon [35] has shown the ORR performance of Pd/N-
rGO is better than Pd/rGO. Sun et al. [36] investigated ternary PdNiM (M = Cu or 
Sn) supported on nitrogen doped graphene (NG) used as nanocatalysts for the 
ORR in an alkaline electrolyte. The oxygen reduction performance of the catalyst 
shows 20% commercial Pt/C > PdNiSn/NG > PdNiCu/NG > 20% commercial Pd 
black > PdNi/NG > NG. Alloy transition metal nanoparticles consisting of Pd 
have been considered as the one best alternative electrocatalysts to replace Pt-
based catalysts for ORR. 
Although many researchers observed the transition metals addition are used 
for alloying Pd, but there are no reports the transition metals addition to make 
ternary alloy with Pd based nanoparticles supported on nitrogen-doped reduced 
graphene oxide (N-rGO). In this research, ternary PdM (M = Fe, Ni, Co) alloys 
are loaded on N-rGO by three methods. The first method is microwave-
hydrothermal method to synthesize N-rGO, the second method is emulsion 
method to synthesize ternary Pd-M nanoparticles, and the third method is rota-
evaporation to distribute ternary Pd-M nanoparticles supported on N-rGO. 
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1.2 Scope Problems 
The problems are discussed in this work including: 
1. What is the effect of carbon based material to support ternary Pd-M 
nanoparticles on morphologies, structures, and ORR activities of the 
catalysts? 
2. What is the effect of transition metals addition for ternary Pd-M 
nanoparticles supported on carbon based material on morphologies, 
structures, and ORR activities of the catalysts? 
3. What is the effect of the best catalyst on methanol oxidation and durability? 
 
1.3 Research Objectives 
This research focuses on three themes including: 
1. To observe the effect of carbon based material to support ternary Pd-M 
nanoparticles on morphologies, structures, and ORR activities of the 
catalysts. 
2. To observe the effect of transition metals addition for ternary Pd-M 
nanoparticles supported on carbon based material on morphologies, 
structures, and ORR activities of the catalysts. 
3. Observed the effect of the best catalyst on methanol oxidation and 
durability. 
 
1.4 Research Advantages 
The best ternary Pd-M supported on carbon based material can be applied as 
cathode catalyst in AEMFC application that exhibit higher activity, methanol 
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2.1 Fuel Cell 
Fuel cell is electrochemical devices which convert the chemical energy of a 
reaction directly into electrical energy. The principle physical structure of a fuel 
cell consists of an electrolyte layer in contact with a porous anode and cathode on 
either side (Figure 2.1) [37]. 
 
 
Figure 2.1 Schematic of a fuel cell [37] 
 
Fuel cell systems are not limited by Carnot cycle efficiency. Therefore, a fuel 
cell system with a combined cycle has very high efficiency about 55 - 85% as 
compared to the efficiency of current power generation systems about 30 - 40%. 
In a distributed generation system, fuel cells can reduce costly transmission line 
installation and transmission losses. There are no moving parts in a fuel cell and 
very few moving parts (compressors, fans, etc.) in a fuel cell system. Therefore, it 
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During its evolution, there are many fuel cell unit configurations were 
proposed, based on different electrolyte and electrode materials, catalysts and 
operation temperatures. Presently, there are six major fuel cell types: Alkaline fuel 
cell (AFC), Molten Carbonate fuel cell (MCFC), Phosphoric Acid fuel cell 
(PAFC), Proton Exchange Membrane fuel cell (PEMFC), Solid Oxide fuel cell 
(SOFC) and Direct Methanol fuel cell (DMFC). However, the popularity of 
PEMFCs, a relatively new type of fuel cell, is rapidly outpacing that of the others 
[39]. 
 
2.2 Electrochemical Reactions in Fuel Cell 
At the surfaces of the two electrodes, two electrochemical reactions take 
place. At the anode, over which hydrogen gas passes, occurs the HOR. At the 
cathode, over which oxygen or air passes, occurs the ORR. The two electrode 
reactions are as follows [40]: 
Anode Reaction:  
H2   → 2H
+ + 2e-      (2.1) 
It is corresponding to an anode potential E°a = 0.00V (under standard conditions) 
versus SHE.  
Cathode Reaction: 
1/2O2 + 2H
+ + 2e- → H2O     (2.2) 
It is corresponding to a cathode potential E°c = 1.229V (under standard conditions) 
versus SHE.  
Therefore, the overall reaction of the fuel cell follow: 
H2 + 1/2O2  → H2O     (2.3) 
It is the equilibrium standard electromotive force calculated to be 1.229V. 
 
2.3 Anion Exchange Membrane Fuel Cell 
Alkaline fuel cell (AFC) is an electrochemical device that can convert the 
chemical energy of H2 directly inito an electrical current. In principle, the 
direction of the reactions at the electrodes in the reserve of that in alkaline water 
electrolysis. AFCs use a liquid electrolyte solution of potassium hydroxide (KOH) 
because it is the most conducting of all alkaline hydroxides. AFC offers some 
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advantages over other fuel cells, such as that they are easier to operate at low 
temperature (23-70°C) [41]. The fuel cell reaction for a traditional AFC and a 
hydrogen-fuelled alkaline membrane fuel cell are described below [42-43]: 
Anode:  2H2 + 4OH
-  → 4H2O + 4e
-   (2.4) 
  (Ea = 0.83 V vs. SHE at 1 bar, 298.15 K) 
Cathode:  O2 + 2H2O + 4e
- → 4OH-    (2.5) 
  (Ec
 = 0.40 V vs. SHE at 1 bar, 298.15 K)  
Overall:   2H2 + O2 → 2H2O + energy + heat  (2.6) 
  (Ecell = 1.23 V at 1 bar, 298.15 K) 
One of the main problems of the AFC is related to the use of the liquid 
electrolyte [43-45].  The KOH solution is very sensitive to the presence of CO2. A 
major operating constraint is therefore the requirement for low CO2 
concentrations in the feed oxidant stream. When air is used instead of oxygen, the 
hydroxyl ions may react with CO2 contained in the air [44, 46] and form K2CO3 
according to the following reaction: 
CO2 + 2OH
-   → CO3
- + H2O    (2.7) 
and/or 
CO2 + 2KOH  → K2CO3 + H2O    (2.8) 
The main cause of the decreasing performance on carbonate formation is the 
precipitation of large metal carbonate such as K2CO3 (equation 2.5). This reaction 
decreases the number of hydroxyl ions available for reaction at the anode. If the 
electrolyte is highly concentrated, carbonate precipitation may block the pores of 
the gas diffusion layer [38]. Another disadvantage is the amount of liquid 
electrolyte, if the liquid is in excess or if there is a lack, it leads to electrode to 
electrode flooding or electrode drying. Since then, many research have focused on 
the promising development of an AFC based on anion conducting polymer 
electrolytes to replace the KOH solution, called as Anion Exchange Membrane 
Fuel Cell (AEMFC), which mechanism in Figure 2.1 [47-48]. Technically, 
AEMFC are similar to PEMFC, with the difference being that the solid membrane 
is in alkaline AEM instead of an acidic PEM. With an AEM in an AEMFC, the 
OH- anion is transported from the cathode to the anode (Figure 2.2), opposite to 
the H+ conduction direction in a PEMFC. Although in principle both technologies 
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are similar, the use of AEM creates an alkaline pH cell environment, therefore the 
AEMFC offers advantages over the PEMFC technology which is following [49]. 
 Enhanced oxygen reduction catalysis, allowing for the use of less 
expensive, Pt-free or precious group metal (PGM)-free catalysts; 
 Extended range of cell and stack materials stable in the fuel cell 
environment; 
 A wider choice of fuels in addition to pure hydrogen; and 
 A wider range of less expensive polymer chemistry (fluorinated raw 
materials are not necessary). 
 
 
Figure 2.2 Schematic diagram of an H2-AEMFC and the main species transported 
through the cell [49] 
 
2.4 Palladium-based Catalayst for ORR  
One of the primary interested for the use of the electrocatalysts in fuel cells is 
the development of high performance cathode catalysts to reduce the high 
overpotential that is present during the oxygen reduction reaction (ORR). 
Regarding for fuel cell operation, carbon-supported platinum (Pt/C) catalyst has 
well known as the best material for cathode catalyst fuel cell application due to 
high ORR performance. However, Pt catalyst materials are limited reserve, high 
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cost, and instability of the fuel cell operating condition [3]. Therefore, numerous 
strategies have been employed.  
There are some criteria of material selections to replace Pt as cathode catalyst 
such following [50-51]: 
 Good catalyst must have optimal mass transport because hydrogen and 
oxygen gasses transverse porous layer to reach active sites during fuel cell 
operation. Active area depend on metal particle size and metal dispersion 
on carbon supported. 
 Flooding water caused by not suitable pore size. Porous supports exhibit 
higher water sorption. Water is a great conductor but the accumulation of 
water in electrode lead flooding cell that block gasses access. 
 Reducing thickness of catalyst layer can minimized mass transport losses. 
The balance of surface area losses and mass transport losses must be 
considered depending on the application. 
 Using carbon supports are good conductors of electrons. Carbon supported 
catalyst particles provide electronic conductivity because it has three phase 




Figure 2.3 The three phase boundary of carbon supported catalyst [51] 
 
Palladium (Pd) exhibits considerable catalytic activity toward ORR, which 
promotes Pd alloys as feasible alternatives in the development of nonplatinum 
catalysts with catalytic activity similar to that of Pt. The examination of ORR in 
alkaline solutions has revealed that Pd exhibits higher activity than in acidic 
solutions due to a decrease in the anion poisoning effect in alkaline solutions [6-9]. 
 
Thesis 
Ternary Palladium Based Cathode Catalyst Supported on Nitrogen Doped  
 Reduced Graphene Oxide for Anion Exchange Membrane Fuel Cell 
 
 
10 Frizka Vietanti 
 02511650010006 
In addition, the price of Pd is practically five times lower than the price of 
platinum.  
Carrera-Cerritos et al. [34] has already synthesized Pd nanobars and Pt 
nanoparticles deposited for comparison both on commercial carbon and reduced 
graphene oxide (rGO) by the same method. The TEM images inidicate that the Pt 
catalysts on commercial carbon are composed of irregularly spherical shape, while 
the Pd catalysts had square shape nanoparticles similar to nanobars or nanorods, 
which is shown in Figure 2.4 (a and b). On the other hand, the Pd nanoparticles in 
the Pd/rGO catalyst have a mixture of irregular and square shapes, which is shown 
in Figure 2.4 (d). The differences in size and shape indicate that rGO plays a 
different role during the nanobars formation, perhaps modifying the nucleation 
and reduction which are influence for the undirectional growth. This is determined 
by the presence or absence of carbon functional groups on the surface which may 
act as anchoring centers as nucleation sites. 
 
 
Figure 2.4 The TEM images of (a) Pt/C, (b) Pd/C, (c) Pt/rGO, and (d) Pd/rGO 
with scale bar 20 nm [34] 
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They [34] also has shown the ORR performance of Pd nanobars and Pt 
nanoparticles and deposited for comparison both on commercial carbon and 
reduced graphene oxide (rGO) can be shown in Figure 2.5. The ORR activity 
order is as follows Pt/C > Pt/rGO > Pd/rGO > Pd/C. Considering the interesting 
graphene properties in Figure 2.5 [22-28], the superior electro activity would be 
expected from the graphene based catalyst compared to carbon based. It shows the 
graphene supported Pd had higher electrocatalytic activity than Pd/C, it is also the 
same reported [6, 52]. The enhanced ORR activity of Pd/rGO was attributed to the 
tensile strain effect when Pd contacted graphene, which resulted in the electron 
exchange transfer between Pd and graphene interfaces and increased the 
interaction states and transmission between Pd and graphene while keeping 
sufficient π electrons on graphene for conduction [52]. However the ORR 
performance of Pt catalyst supported on rGO has shown lower performance than 
the Pt catalyst supported on C. It was believed that the ORR diffusion limiting 
currents were strongly affected by the structure of the catalyst supporting material. 
The sheet structure of graphene, with small particles entrapped within the fold of 
these foils, might be block oxygen compared with spherical carbon black particles. 
Thus, flat structures of graphene may be less effective for nanosized Pt particles 
than the spherical structure of carbon blacks which randomly distributed in the 
catalyst layer [34]. 
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The benefit of doping nitrogen on reduced graphene oxide (rGO) support [30-
32] has been suggested to interaction with Pd. Ejaz and Jeon [35] has shown the 
ORR performance of Pd/N-rGO is better than Pd/rGO which is shown in Figure 
2.6. They has investigated through linear sweep voltammetry (LSV) on a glassy 
carbon RRDE in O2-saturated 0.1 M KOH at 1600 rpm. They also has written 
down comparison of the electrochemical activity between the prepared Pd 
catalysts in Table 2.1. The number of electrons transferred on Pd/rGO and Pd/N-
rGO catalyst were close to 4 showing the dominance of a direct four electron 
pathway ORR performance and they wrote down the reaction in equation 2.9. The 
illustration of a difference between direct 4e- and 2x2e- ORR pathways are shown 
in Figure 2.7 [53]. 
 
 
Figure 2.6 The RRDE curves of N-rGO, Pd/rGO, Pd/N-rGO, and Pt/C at 1600 
rpm in O2-saturated 0.1 M KOH solution (a) disk current (b) ring current (c) the 
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Table 2.1 The electrochemical activity between the prepared Pd catalysts [35] 
Properties Pd/rGO  Pd/ N-rGO 
Onset potential (V vs. RHE) 0.827 0.912 
Half-wave potential (V vs. 
RHE) 
0.69 0.76 
n value 3.4 3.91 
H2O2 (%) 20 <10 
 
O2 + 2H2O +4e
- +  → 4OH-     (2.9) 
 
 
Figure 2.7 The illustration The illustration of a difference between direct 4e- and 
2x2e- ORR pathways [53] 
  
2.5 Palladium-based with Transition Metals for ORR 
Palladium (Pd) represents an attractive alternative candidate for the ORR in 
alkaline media because Pd is more abundant and less expensive than Pt, also in 
alkaline media, has a higher activity [6-9]. Pd and Pt have similar properties (same 
group of the periodic table, same fcc crsytal structure, similar atomic size) [54]. 
The developments to ehanced activity by alloying with transition metals (M), like 
Co, Fe, and Ni. The positive effect of Co presence is the decrease in metal particle 
size with increasing Co content in the PdCo/C catalyst, thus increasing ORR 
activity [18, 55]. The effect of addition Fe has also been extensively investigated, 
Tarasevich et al. [56] explained that the occurrence of iron can influence catalyst 
activity in two ways : (i) through the stabilization of palladium nanoparticles, 
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despite the high temperature of pyrolysis during the synthesis of the catalyst, and 
(ii) through hindering oxide-palladium formation. 
The role of metal transition to contribute some effects of electrocatalyst was 
shown in Figure 2.8. Liu et al. [57] has compared the influenced of metal 
transition supported on nitrogen dopen carbon xerogels in acid solution. From the 
figure clearly shows that ORR activity is greatly affected by the metal type. Fe-
NCX exhibit the best activity, with an ORR onset potential is 0.823 V, followed 
by Co-NCX and also Ni-NCX. The Fe-NCX displays higher onset potential along 
with increase diffusion limited current density due to the high amount and 
uniform distribution of ORR active sites on the catalyst surface [58]. 
 
 
Figure 2.8 The RDE curves of M-CNX catalysts in O2-purged 0.5 M H2SO4 
solution with 1600 rpm and scan rate of 5 mV/s [57] 
 
Sun et al. [36] investigated ternary PdNiM (M = Cu or Sn) supported on 
nitrogen doped graphene (NG) used as nanocatalysts for the ORR in an alkaline 
electrolyte. The oxygen reduction performance of the catalyst in Figure 2.9 shows 
20% commercial Pt/C > PdNiSn/NG > PdNiCu/NG > 20% commercial Pd black 
> PdNi/NG > NG. The half-wave and current density of catalysts were shown in 
Table 2.2. The catalytic performance of ternary PdNiSn has the highest result 
compared others. It can be investigated that the ternary Pd-based catalyst can give 
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more advantages than binary Pd-based catalyst, which not only reduced the level 
of Pd but also greatly improved the catalytic activity [59-60]. 
 
 
Figure 2.9 The ORR polarization of NG, PdNi/NG, PdNiSn/NG, PdNiCu/NG, 20% 
commercial Pd black, and 20% commercial Pt/C at 1600 rpm in O2-saturated 0.1 
M KOH [36] 
 
Table 2.2 Electrocatalytic activities of the NG, PdNi/NG, PdNiSn/NG, 
PdNiCu/NG, 20% commercial Pd black, and 20% commercial Pt/C in 0.1 M 
KOH at a scan of 20 mV/s [36] 
 Half-wave/V Current density/mA cm-2 
NG -0.400 1.750 
PdNi/NG -0.255 3.120 
PdNiSn/NG -0.210 3.880 
PdNiCu/NG -0.210 3.503 
20% commercial Pd black -0.235 3.501 
20% commercial Pt/C -0.193 4.110 
 
2.6 Graphene 
Graphene sheets are a few atoms thick but are nonetheless stable under 
ambient conditions, metallic, and remarkably high qulity [61]. Since Novoselov et 
al. [61] and Stankovich et al. [41] have recently achieved some valuable and 
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cheaper methods of preparing graphene sheets for mass production usage, the 
probability of employing graphene sheets for ordinary application has been 
increased. Many researches on the mechanical and electrical properties of the 
graphene sheets have been conducted all over the world. The exceptional 
electronic properties of graphene and its formidable potential in various 
applications, have ensured a rapid growth of interest in this new material [62]. 
Graphene is the key material in the current nanotechnology revolution and the 
ideal material for the fabrication of functional devices finding applications in 
electronics, plasmonics, sensors, supercapacitors, energy generation and storage, 
like batteries, solar cells, and fuel cells [63]. Especially in fuel cell applications, 
graphene has been extensively studied as an alternative support to enhance 
nanoparticle catalyst activity and durability owing to its high surface area, high 
conductivity, high stability, and strong interaction [22-28]. 
A graphene crystal is an infinite 2D layer consisting of sp2 hybridized carbon 
(Figure 2.10), which belongs to one of the five 2D Bravais lattices called the 
hexagonal (triangular) lattice. Graphene was initially considered as a theoretical 
building block used to describe the graphite crystal, and to study the formation of 
the carbon nanotubes (rolled graphene sheets), and predict their fascinating 
electronic properties [64]. 
 
 
Figure 2.10 Graphene surface [64] 
 
Many fascinating properties were discovered through the investigation of 
pristine graphene including extremely high charge (electrons and holes) mobility 
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(230,000 cm2/Vs) with 2.3% absorption of visible light, thermal conductivity 
(3000 W/mK), the highest strength (130 GPa), and the highest theoritical spesific 
surface area (2600 m2/g) [65]. Chaudhary et al. [66] has compared the properties 
between graphene and other different carbons (Table 2.3). 
 
Table 2.3 Properties of Different Carbons [66] 
 SWCNT MWCNT Graphene 
Conductivity (S/m) 102 105 108 
Melting point (K) 3800 (graphite) 
Tensile strength (GPa) 22.2 + 2.2 11-63  
Thermal conductivity (x 10-3 
W/mK) 
1.75-5.8 3 3-5 
Temperature coefficience of 
resistance (x 10-3/K) 
< 1.1 -1.37 -1.47 
Mean free path at room 
temperature 
103 2.5 x 104 103 
Maximum current density 
(A/cm2) 
109 109 108 
 
2.6.1 Structure and Morphology of Graphene 
Graphene is defined as a single layer of carbon atoms arranged in a hexagonal 
lattice, as illustrated in Figure 2.11. The primitive cell of graphene is composed of 
two non equivalent atoms, A and B, and these two sublattices are translated from 
each other by a carbon-carbon distance ac-c = 1.44 Å. A single carbon atom has 
four valence electrons with a ground-state electronic shell configuration of [He] 
2s2 2p2 [67]. 
In graphene, the chemical conding of carbon atoms are caused by the 
superposition of 2s with 2px and 2py orbitals.  The planar orbital forms  bonds 
which is stable with neighboring carbon atoms in the honeycomb lattice, affects 
the bonding energy and elastic properties of the graphene sheets. While the 2pz 
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orbital produces π bonds with neighboring atoms, thus affects the electronic 
properties of graphene [68]. This phenomenon is shown in Figure 2.12. 
 
 
Figure 2.11 Honeycomb lattice of graphene [67] 
 
 
Figure 2.12 The bonding structure of  bonds and π bonds in graphene [68] 
 
Xu et al. [69] has shown the morphology of pristine graphene (PG) at low and 
high magnification, respectively. As shown, the PG shows a plane structure with 
some graphene sheets stacking to graphite platelets due to the strong Van der 
Waals forces among individual graphene nanosheets. Furthermore, the 
microstructures of PG were investigated by transmission electron microscope 
(TEM), as shown in Figure 2.13 (a). It can be observed that PG shows a 
multilayer graphene structure with some graphene sheets stacking to graphite 
platelets in Figure 2.13 (b). The selected area electron diffraction (SAED) result 
indicates that PG has a polycrystal structure, and the inner circle is brighter than 
outer circle in inset of Figure 2.13 (c), demonstrating that PG is composed of 
multilayer graphene sheets. 
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Figure 2.13 (a,b) The SEM images at different magnification of the pristine 
graphene and (c) The TEM images of pristine graphene inserts of SAED patterns 
[69] 
 
In addition to characterize the structure of graphene, Xu et al. [70] has shown 
different XRD patterns of graphite, GO, and self-assembled graphene. From 
Figure 2.14 can be observed the interlayer spacing of the freeze dried self-
assembled graphene was calculated to be 3.76 Å. This value is much lower than of 
GO precursor (6.94 Å) while slightly higher than that of natural graphite (3.63 Å). 
These result indicates the existence of π-π stacking between graphene sheets and 
also the presence of residual oxygenated groups [71]. The broad XRD peak of the 
freeze dried self-assembled graphene indicates the poor ordering of graphene 
sheets along their stacking direction and reflects that it is composed of few-layer 
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Figure 2.14 The XRD patterns of natural graphite (black), GO (blue), and freeze-
dried self-assembled graphene (red) [70] 
 
For further characterization the structure of graphene, raman spectroscopy is 
useful for studying disorder and defects in crystal structure, it is often employed to 
characterize graphite and its derivatives. Disorder is determined by the intensity 
ratio between the disorder induce D band and the raman allowed G band (ID/IG). 
Perumbilavil et al. [72] has shown the raman spectra of GO, reduced graphene 
oxide, and the base material graphite are shown in Figure 2.15. The G band is 
common for all sp2 carbon forms, and it arises from the C-C bond stretch. This 
band is formed from first order raman scattering [73]. The D band in GO is 
broadened due to the reduction in size of the sp2 domains by the creation of 
defects, vacancies, and distortions during oxidation [74]. The increase of ID/IG 
from graphite to GO confirms the grafting of oxygen containing functional groups 
to the graphitic planes. During reduction, the D band intensity is reduced, but not 
so much as in graphite. After reduction, ID/IG of rGO decrease which indicates the 
removal of most of the oxygen containing functional groups. ID/IG ratio in rGO is 
higher than that of graphite because the sp2 domains which are newly formed 
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Figure 2.15 Raman spectra of graphite, GO, and rGO [72] 
 
2.6.2 Electrochemical Activity of Graphene 
Cyclic voltammetry is employed to measure the rGO samples at a stagnant 
GCE working electrode, permitting observation of any capacitive effect without 
adjustments from the flow of electrolyte to the electrode surface. Hayes et al. [75] 
show a comparison of the anodic and the cathodic current response during cyclic 
voltammetry analysis of the bare GCE, untreated graphite, graphene oxide (GO), 
and graphene oxide reduced (rGO) in distilled water by hydrothermal method. 
The current detected during cyclic voltammetry analysis in O2-, air-, N2-saturated 
0.1 M KOH electrolyte are compared for each sample preparation. The rGO DI 
H2O sample at about -0.312 V provides a cathodic current of 13.67 Ag
-1 in O2-
saturated KOH, 14.67 Ag-1 in air-saturated KOH, and 13.47 Ag-1 in N2-saturated 
KOH electrolyte. Although the current may change slightly from catalysis at the 
developed rGO surface in response to variation in the dissolved O2 of the 
electrolyte, there is a reliable pseudocapacitance that is not modified significantly 
which is shown in Figure 2.16 (c). From the Figure 2.16, there is no distinctive 
capacitive behaviour for the graphite and the graphene oxide. A possible 
explanation for the redox peaks is the presence of carbonyl-containing oxygen 
groups on the surface of the reduced graphene oxide, promoting a redox behaviour 
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Figure 2.16 Cyclic voltammetry measured in O2-saturated, N2-saturated, and air-
saturated 0.1 M KOH of (a) graphite, (b) GO, and (c) graphene oxide reduced 
(rGO) in H2O [75] 
 
Figure 2.17 shows the LSV analysis of the rGO in comparison to the current 
generated from the starting graphite material, graphene oxide and polished GCE 
disc. This indicates a capacitive contribution to the overall cathodic current 
response from analysis in O2-saturated 0.1 M KOH. The first step of ORR shows 
an initial current maximum at approximately −0.5 V for the GCE, graphite, 
graphene oxide and rGO DI H2O samples analysed. This first ORR current step 
correlates with the current produced by the first two electron reduction of oxygen 
(equation 2.1) [53]. 
O2 + H2O + 2e
- →  HO2
- + OH−     (2.10) 
HO2
- + H2O + 2e
- →  3OH−      (2.11) 
The second stage of ORR (equation 2.11) involves the reduction of the 
perhydroxyl radical and water to hydroxide anions [54]. The additional slight 
increase in cathodic current at approximately −0.7 V, most apparent for LSV 
scans of the GCE, graphite, graphene oxide and rGO DI H2O sample (Figure 2.17) 
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reaction onset would not be clearly observable where the ORR is close to or 
comprises of a single four electron reaction step [76]. 
 
 
Figure 2.17 ORR performances in O2-saturated 0.1 M KOH of GCE, grahite, 
graphene oxide, and graphene oxide reduced (rGO) in H2O [75] 
 
2.7  Nitrogen doped Graphene 
Graphene with theoretically superior physical and chemical properties has 
been proposed as a promising electrode material for energy devices, such as solar 
cells, supercapactitors, secondary batteries, and fuel cells [77-79]. Doping 
graphene with heteroatoms (e.g., N, P, S, and B) has been demonstrated to 
significantly enhance the surface hydrophilicity of carbon based electrodes to 
facilitate the charge transfer and electrode-electrolyte interactions [29]. Among 
the heteroatom, nitrogen doping is considered as one of the prominent effective 
methods for improving the chemical reactivity of graphene correlated with the 
stronger electronegativity of nitrogen atom relative to that carbon, and the 
propounding conjugation between the lone pair electrons of nitrogen and π-
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electrons of the graphene [80-81]. The concept behind the ORR activity of N-
doped graphene lies in the difference between electronegativities of carbon (χ = 
2.55) and nitrogen (χ = 3.04) which polarizes the carbon-nitrogen bonds [82-83]. 
As a consequence, the induced positive/negative charges in the adjacent carbon 
atoms facilitate oxygen adsorption and its subsequent reduction. It also has been 
reported that the nitrogen doped carbon nanostructures show n-type or metallic 
behavior and are expected to have greater electron mobility than their 
corresponding un-doped carbon nanostructures [84]. 
 
2.7.1 Structure and Morphology of N-doped Graphene 
It is widely estabilshed that incorporation of nitrogen atoms into the matrix of 
sp2-bonded carbon can lead to the appearance of different kinds of nitrogen 
impurities. For graphene, it was found that mainly three types of bonding may 
occur: (i) direct substitution (graphitic N), (ii) the pyridinic configuration, and (iii) 
the pyrrolic structure. A variety of possible configurations of the nitrogen 
impurities in graphene has shown in Figure 2.18. 
 
 
Figure 2.18 Possible configurations of nitrogen impurities in graphene: (1) 
substitutional or graphitic N, (2) pyridine-like N, (3) single N pyridinic vacancy, 
(4) triple N pyridinc vacancy, (5) pyrrole-like, (6) interstitial N or adatom, (7) 
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Each of the configurations affects the electronic and transport properties of 
the functionalized material rather differently. In the graphitic configuration, three 
nitrogen valence electrons form three -bonds, one electron fills the π-states, and 
the fifth electron enters the π*-states of conduction band, providing a strong n-
doping effect. However, the situation becomes more complicated for pyridinic and 
pyrrolic environments, and the implication of the simple tight-bonding model 
does not predict any charge transfer effect for such impurities [85]. 
Qu et al. [86] has shown the morphology of nitrogen-doped graphene oxide in 
Figure 2.19 (a-d) which characterized by TEM. An electron diffraction of the N-
graphene in Figure 2.19 (a) shows a ringlike diffraction pattern with dispersed 
bright spots. The above observed difference indicates that the otherwise 
crystalline graphene became partially misoriented in the N-graphene due to 
structure distortions caused by the intercalation of nitrogen atoms into its graphitic 
plans. The cross sectional of the suspended edge of as-synthesized N-graphene 
shows only a few layers (typically 2-8 layers) of graphene sheets which can be 
seen in Figure 2.19 (b-d). The interlayer distances in the N-graphene were 
measured to be 0.3-0.4 nm , close to the d-spacing of (002) crystal plane (0.335 
nm) of bulk graphite with slight distortion [87]. Raman spectra of the as-
synthesized N-graphene sheets with different layer numbers are given in 2.19 (e). 
It revealed a relatively higher D-band for the N-graphene due to structural 
distortion caused by N-doping. While the very low value of 0.06-0.25 for the ID/IG 
indicates that the N-graphene layers remain a high crystalline quality [88]. 
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Figure 2.19 (a-d)TEM and (e) Raman analyses of the N-graphene [86] 
 
Sun et al. [88] has shown the SEM image in Figure 2.20 (a) of three-dimensional 
(3D) porous nitrogen-doped grapheen sheets (NGS) with stacked and overlapped 
structures The TEM image in Figure 2.20 (b) also showed NGS with a structure of 
stacked and wrinkled nanosheets. Meanwhile, NGS was estimated to be composed of 
8 layers based on the analysis of the HRTEM image which is shown in Figure 2.20 (c). 
The XRD patterns of the original GO and NGS were observed in Figure 2.20 (d). 
The diffraction peak located at 2θ = 10.1° is attributed to the (002) crystalline 
plane of GO and the corresponding calculated interlayer spacing is about 0.87 nm. 
However, the peak at 2θ = 10.1° disappeared after hydrothermal reaction, and a 
broad diffraction peak around 25° of the graphite (002) plane was observed for the 
synthesized NGS sample, indicating the reduced sample was composed of few-
layer stacked graphene nanosheets. Besides, the interlayer distance was reduced 
from 0.87 nm of GO to 0.36 nm of NGS, which indicated the recovery of π-
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Figure 2.20 (a) SEM, (b)TEM and (c) HR-TEM of the N-graphene [88] 
 
For further characterization to analyze the elemental compositions and nitrogen 
bonding configurations in nitrogen-doped graphene (NGH), Guo et al. [91] has shown 
by XPS analyses. The peaks at about 284.6 and 532.1 eV can be indicated as the 
binding energies of C1s and O1s, respectively. As shown in Figure 2.21 (b), the O1s 
peak of nitrogen-doped graphene became significantly weak and the C1s peak became 
much stronger as compared with GO which is shown in Figure 2.21 (a), suggesting a 
considerable increase in C/O atomic ratio. In addition, N1s peak at 399.2 eV and an 
additional peak at 285.9 eV corresponding to the C-N bonds were observed in the XPS 
survey scan spectra and C1s spectra of NGH. The N1s signal of NGH can be split into 
three peaks at 398.1 (pyridinic N), 399.6 (pyrrolic N), and 401.6 (graphitic/quaternary 
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Figure 2.21 XPS survey scan spectra of (a) GO and (b) Nitrogen-doped graphene 
[91] 
 
2.7.2 Electrochemical Activity of N-doped Graphene 
Lu et al. [30] has shown the cyclic voltammetry of graphene oxide (GO), 
reduced graphene oxide (ErGO), and nitrogen-doped reduced graphene oxide 
(NrGO) in Figure 2.22 (a). As can be seen, the onset potential of ORR for the GO 
is at -0.18 V (versus AgCl) with the cathodic reduction peak at around -0.40 V 
(versus AgCl). After electrochemical reduction of GO both the onset potential and 
the ORR reduction peak potential shifted positively to -0.11 V and -0.26 
respectively. These results clearly demonstrate a significant enhancement in the 
ORR electrocatalytic activity for the ErGO with respect to the graphene oxide 
electrode. Compared with GO, the ErGO shows a dramatically increased 
capacitance similar to NrGO, this is mainly related to the increased conductivity 
of the material. The heteroatom (nitrogen) doping can increase the electronic 
conductivity of the carbon materials due to pseudo-capacitance contribution in 
Figure 2.22(a) in comparison with the non-doped ones [31-32]. The change in 
shape of the CV curves demonstrates the increase of the non-Faradaic currents 
induced by the increase in effective surface area of the electrically conductive 
graphene that is generated by the reduction of GO. The ORR performance which 
is shown in Figure 2.22 (b) shows for the GO and ErGO, a clear reduction pre-
wave was observed at low overpotentials, followed by a second reduction wave 
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The absence of the peak in the LSV curve of NrGO at -0.7 V whih is shown in 
Figure 2.22 (b) suggests that NrGO has a more efficient oxygen reduction due to 




Figure 2.22 The GO, ErGO, and NrGO electrodes for (a) CV curves and (b) RDE 
curves in O2 saturated 0.1 M KOH solution [30] 
 
2.8  Influence of Methanol Oxidation 
Methanol produces CO2 on electro-oxidation and carbonate formation 
(equation 2.7) can be even more of a problem when a methaol fuel cell is operated 
with a liquid alkaline elctrolyte. The fuel cell equations for the direct use of 
methanol with an alkaline electrolyte are [42]: 
Anode :  CH3OH + 6OH
- → CO2 + 5H2O + 6e
-  (2.12) 
  (Ea = 0.81 V vs. SHE at 1 bar, 298.15 K) 
Cathode : 3/2O2 + 3H2O + 6e
- → 6OH-    (2.13) 
  (Ec
 = 0.40 V vs. SHE at 1 bar, 298.15 K)  
Overall :  CH3OH + 3/2O2 → 2H2O + CO2  (2.14) 
  (Ecell = 1.21 V at 1 bar, 298.15 K) 
The serious problem methanol used in fuel cells leads to high overvoltage, 
impacting negatively on the ORR activities [92], generating additional water and 
increasing the required oxygen stoichiometric ratio [54]. Sa et al. [93] has shown 
the Pt/C catalyst (Figure 2.23)  exhibited a marked change in its ORR polarization 
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curve after the addition of MeOH, indicated by a negative shift of the half-wave 
potential. Such a change can be influenced to the formation of a mixed potential, 




Figure 2.23 ORR polariztaion curves of Pt/C with 0.5 M methanol in 0.1 M KOH 
electrolyte [93] 
 
The intermediates and reaction products depend synergistically on a number 
of factors such as electrode potential, catalyst crystallographic features, elemental 
surface composition, temperature, reaction time, supporting electrolyte, and 
methanol concentration [40]. Based on this situtation, Ruiz-Camacho et al. [94] 
show the methanol oxidation catalyst in different electrocatalysts (acid and 
alkaline) and different concentrations (0.0, 0.3 and 0.5 M) in Figure 2.24. For acid 
medium in Figure 2.24 (a) it can be observed that the activity of PtAg/C towards 
the ORR was not affected with the presence of methanol showing excellent 
properties as tolerance cathode. The three curves obtained were almost the same 
with and without the presence of methanol. PtAg/C exhibited a minimum mixed 
potential due to the simultaneous methanol oxidation and oxygen reaction on its 
surface. Its condisition is contrast with alkaline medium in Figure 2.24 (b), the 
kinetic region of the PtAg/C as cathode catalyst was drastically affected by the 
presence of methanol, the onset potential shifted negatively with the increase in 
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methanol concentration. In the general, the rate of ORR depends strongly on the 
degree of interaction of oxygen molecules with the adsorption sites on the 
electrocatalyst surface. During the ORR process on an electrocatalyst surface, the 
oxygen molecules compete strongly with methanol molecules for the adsorption 
sites in the electrolyte containing methanol [54]. 
 
 
Figure 2.24 Linear sweep voltammetry curves of PtAg/C at 900 rpm in oxygen 
saturated (a) acid and (b) alkaline [94] 
 
2.9  Emulsion Method 
The emulsion method is a novel route for the formation of nanoparticles 
(NPs). An emulsion is a cloudy colloidal system of micron size droplets of one 
immiscible liquid dispersed in another, such as oil in water, in the presence of a 
suitable surfactant and a co-surfactant. An emulsion is form by vigorous stirring 
or sonication and is thermodynamically stable. Nano size particles can 
spontaneously form within the micron size water droplets as a thermodynamically 
stable emulsion. Briefly, in this method the first step is the formation of NP 
through a water-in-oil emulsion reaction, followed by a reduction step. The 
surfactant molecules can function as protective agents to prevent the NP from 
agglomeration. The surfactant molecule can be easily remove by heat treatment. 
The main advantage of the emulsion method is its controlling metallic 
composition and particle size with a narrow distribution. 
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2.10 Emulsion Method 
Byrappa and Yoshimura [95] define hydrothermal synthesis as any 
heterogeneous reaction in an aqueous media carried out at high temperature and 
high pressure (>100°C, >1 atm) in a closed system. Supercritical water can play 
the role of reducing agent in hydrothermal conditions and offers a green chemistry 
alternative to organic solvents. In addition, its physiochemical properties can be 
changed widely with pressure and temperature. Supercritical water behaves like a 
water-like fluid with strong electrolytic solvent power, high diffusion coefficient, 
high ion molecules, and a dielectric constant that can be comparable with that of 
polar molecules. These properties allow the catalysis of a variety of heterolytic 
(ionic) bond cleavage reactions in water. Hydrothermal routes have been 
introduced for remarkable transformation of carbohydrate molecules to form 
homogenous carbon nanospheres and nanotubes. 
The hydrothermal method has several advantages over the common chemical 
reduction processes: (1) the process requires very simple setup, basically an 
autoclave; (2) it has good upward scalability and it is industrially compatible with 
batch processing; (3) it is intrinsically pure because it utilizes only water, as 
opposed to the hydrazine or sulfonate chemical reduction method which 
inevitably introduces nanocarbon impurities into the treated GO; (4) the closed 
system of relative high temperature and internal pressure promote the recovery of 
π-conjugation after dehydration, which is favorable for minimizing defects, and 
(5) engineering the parameters of temperature and pressure affords a facile 
method to control the degree of reduction of the GO [96]. 
The reaction mechanism under hydrothermal reduction are introduced is 
shown in Figure 2.25 [97]. The stacked parallel layers in graphite are seperated by 
spaces, the interlayer is bonded by the van der Waals, through this force is weak 
enough to ensure the layers slide with each other in the direction perpendicular to 
the c-axis, complete exfoliation form graphite into individual layers is difficult. 
Therefore, to overcome the van der Waals atteractions between the adjacent layers 
is necessary. For oxide graphite, the introduction of oxygen-containing functional 
groups, such as hydroxyl (-OH), epoxy (-CH(O)CH-), and carboxyl groups (-
COOH), causes the expansion between neighboring layers. The van der Waals 
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force is inversely proportional to the interatomic separation, which can fasilitates 
exfoliation significantly because the d-spacing between graphite stacked increased 
[98]. After reduction, the oxygen-containing functional groups are removed 
through still exist some with the decreasing basal spacing [97]. 
 
 
Figure 2.25 The reaction mechanism of structural transition from GO to rGO 
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Metal precursors used for catalysts are Pd(acac)2, Fe(acac)3, Co(acac)2, and 
Ni(acac)2 purchased from New Jersey. Materials selection for experimental were 
showed in Table 3.1. 
 
Table 3.1 Materials selection for experimental 
Chemical Name Formula Purity Phase Manufacturer 
Palladium (II) 
acetylacetonate 












C10H14O4Ni 96% Solid Fisher Scientific 
Across 
Urea CH4N2O 99.5% Solid Fisher Scientific 
Across 
Benzyl alcohol C7H8O 99% Liquid Fisher Scientific 
Across 
Oleic acid C18H34O2 90% Liquid Sigma Aldrich 
Oleylamine C18H37N 80-90% Liquid Fisher Scientific 
Across 
Toluene C6H5CH3 99.8+% Liquid Fisher Scientific 
Across 
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Benzyl alcohol acts as a reducing agent in presence of oleic acid as a 
stabilizer and oleylamine as a co-reductant and co-surfactant. Because the 
presence of reducing reagent and surfactant, toluene and ethyl alcohol were used 
for washing. N-rGO was used as carbon support in catalysts. Material precursors 
used for carbon support were urea and commercial graphene oxide. Catalysts 
formed by catalytic cracking of N-hexane. Distilled water was used throughout 
this study. 
 
3.2 Experimental Procedurs 
3.5.1 Synthesize Nitrogen doped Reduced Graphene Oxide 
The nitrogen doped reduced graphene oxide (N-rGO) catalyst was prepared 
by hydrothermal reaction of GO in the presence of urea with mass ratio 1:300. 
The experimental process was showed in Figure 3.1.  
 
 
Figure 3.1 Schematic of synthesize nitrogen doped reduced graphene oxide 
 
50 mg of GO was first dissolved in 35 ml of DI water and 15,000 mg of urea 
was subsequently added. The suspension was ultrasonically treated for 2 hours to 
achieve homogeneous dispersion. The suspension was then poured into 100 mL 
Teflon-lined autoclave, sealed and put into microwave hydrothermal to complete 
hydrothermal reaction at 180°C. After holding 30 minutes, the Teflon-lined 
autoclave was cooled to room temperature. Finally, the product obtained was 
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filtered and washed with DI water for several times to remove impurities and 
freeze dried for overnight. Here, reduced graphene oxide (rGO) has been 
synthesized by the same method without urea. 
 
3.5.2 Synthesize Ternary Pd-M Nanoparticles 
An emulsion method was employed to prepare ternary Pd-M (M = Fe, Ni, and 
Co) nanoparticles catalysts. To study the effect of different transition metals in 
ternary alloy catalysts, PdFeNi, PdFeCo, and PdCoNi ternary alloy were prepared 




Figure 3.2 Schematic of synthesize ternary Pd-M (M = Fe, Ni, and Co) 
 
In the typical synthesize, the given amounts of metal precursor (Pd(acac)2, 
Fe(acac)3, Co(acac)2, and Ni(acac)2) powders were dropped into benzyl alcohol as 
a reducing agent in presence of oleic acid and oleylamine with ratio 2:1. The 
mixture was purged with nitrogen then heated at 150°C for 30 minutes to reduce 
the metal precursors. Then the mixture continues heated at 200°C and held for 40 
minutes to form alloy. After cooling down to room temperature, the black 
suspension was dropped in centrifuge tube for washing with toluene one time and 
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ethanol three times. Finally, the black product was collected after centrifuged and 
freeze dried for overnight. Here, Pd nanoparticle has been synthesized by the 
same method without transition metal precursors.  
 
3.5.3 Synthesize Ternary Pd-M Nanoparticles Supported N-rGO 
The 40 wt% of ternary Pd-M catalysts supported N-rGO were prepared by 
rotary evaporation. The experimental process was showed in Figure 3.3. 
 
 
Figure 3.3 Schematic of synthesize ternary Pd-M supported N-rGO 
 
The ternary Pd-M alloy was mixed with N-rGO in 10 mL of N-hexane 
solution. The solution was sonicated for 10 min to disperse the powder and stirred 
for 2 hours. Then the solution was put into rotary evaporator machine at 90 hPa of 
pressure and 40°C of temperature to remove solvent. The black product was 
collected after the solution evaporated.  
 
3.3 Flowchart of Experimental 
The experimental procedure to synthesize nitrogen doped reduced graphene 
oxide (N-rGO), ternary Pd-M (M = Fe, Ni, and Co) nanoparticles, and 40 wt% of 
ternary Pd-M catalysts supported N-rGO are explained by the flowcharts which 
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Poured GO and urea in DI water into 50 mL bottle 
Dispersed the powder by ultrasonication for 2 hours 
Poured the mixture into 100 mL Teflon-lined autoclave  
Put into microwave-hydrothermal and hold at180°C for 
30 minutes 
Cooled the mixture to room temperature 
Filtered and washed with DI water for several times 
Freeze dried the suspension overnight 
Collected the N-rGO 
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Figure 3.5 Flowchart of synthesize ternary Pd-M (M = Fe, Ni, and Co) 
Start 
Finish 
Poured metal precursors, benzyl alcohol, oleylamine, 
and oleic acid into four neck bottle 
Purged the mixture with N2  
Heated the mixture at 150°C for 30 minutes 
Heated the mixture at 200°C for 40 minutes 
Cooled the mixture to room temperature 
Added toluene and ethanol 
Washed the mixture 3 times by centrifugation 
Freeze dried the suspension overnight 
Collected the ternary Pd-M alloy powder 
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Figure 3.6 Flowchart of synthesize 40 wt% of ternary Pd-M supported N-rGO 
 
3.4 Experimental Matrix 
In this work, two variables have been studied about material catalysts, 
including different carbon based and different alloying metal on Pd based which is 






Poured ternary Pd-M alloy powder, N-rGO, and 10 mL 
N-hexane into 20 mL container bottle 
Dispersed the powder by ultrasonication for 10 min 
Stirred the mixture for 2 hours 
Put the mixture to rotary evaporation machine 
Set up the machine parameter with 90 hPa of pressure 
and 40°C of evaporation temperature 
Collected ternary Pd-M catalyst supported on N-rGO 
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Table 3.2 Experimental matrix of research 
Variables Precursors Catalysts 













3.5 Materials Characterization 
3.5.1 Synthesize Nitrogen doped Reduced Graphene Oxide 
X-Ray Diffraction (XRD) is a technique for the study of crystal structures and 
atomic spacing of material. These X-rays are generated by a cathode ray tube, 
filtered to produce monochromatic radiation, collimated to concentrate, and 
directed toward the sample. The interaction of the incident rays with the sample 
produces constructive interference when conditions satisfy Bragg's Law. From 
Bragg’s Law equation (3.1), an estimated number of lattice parameter can be 
calculated. 
n λ = 2dhkl sin 𝜃        (3.1) 
n represents the reflection order, λ is the wavelength (in nanometers), dhkl is 
interplanar distance between two planes with Miller indices hkl, and θ is the 
incident angle of X-rays. 
The grain size of particle, τ, is estimated from the half-height width of the 




         (3.2) 
τ is the grain size (in nanometers), λ is the wavelength (in nanometers), β is the 
full width at half-maximum FWHM) (in radians), k is a constant (0.94 to spherical 
crystallites) and θ is the diffraction angle. 
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Some parameter was decided for measurement including of increment angle, 
2θ range, scanning time, and rotation angle. For this study, all samples are 
measured in an angle range 10-80°C using X-Ray Diffraction: Bruker D2 Phaser. 
The instrument can be seen in the Figure 3.7. The spectra use Cu Kα (λ = 15.406 
Å), Ni filter, 40 kV, and 100 mA. Low scanning rate was set with step size of 
0.0081° and time of 0.1 second per step. 
 
 
Figure 3.7 X-Ray diffraction: Bruker D2 Phase 
 
3.5.2 Synthesize Nitrogen doped Reduced Graphene Oxide 
A field emission scanning electron microscopy (FE-SEM) is microscope that 
works with electrons (particles with a negative charge) instead of light. These 
electrons are liberated by a field emission source. The object is scanned by 
electrons according to a zig-zag pattern. Electrons are liberated from a field 
emission source and accelerated in a high electrical field gradient. Within the high 
vacuum column these so-called primary electrons are focussed and deflected by 
electronic lenses to produce a narrow scan beam that bombards the object. As a 
result secondary electrons are emitted from each spot on the object. The angle and 
velocity of these secondary electrons relates to the surface structure of the object. 
A detector catches the secondary electrons and produces an electronic signal. This 
signal is amplified and transformed to a video scan-image that can be seen on a 
monitor or to a digital image that can be saved and processed further.  
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For preparation step, powder samples are coated by platinum for 60 seconds 
to avoid charge effect and then observed the image using FE-SEM JEOL JSM 
5800 with 10 kV. The FE-SEM machine was shown by Figure 3.8. 
 
 
Figure 3.8 Field emission scanning electron microscopy: JEOL JSM 5800 
 
3.5.3 Raman Spectroscopy 
Raman spectroscopy is spectroscopic technique using monochromatic light 
based on inelastic scattering, usually from a laser source. The instrument of raman 
spectroscopy was shown by Figure 3.9.  
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Inelastic scattering means that the frequency of photons in monochromatic 
light changes upon interaction with a sample. Photons of the laser light are 
absorbed by the sample and reemitted. The shift reveals information about the 
vibrational, rotational and other low frequency transitions in molecules. The 
analysis equipment for this experiment is Raman spectrometer (Jobin - Yvon Lab 
RAM HR800-confocal micro-Raman spectroscopy), determine the ratio of Ig 
(graphitic intensity) and Id (disorder intensity). 
 
3.5.4 Field Emission Transmission Electron Microscopy 
Field emission transmission electron microscopy (FE-TEM) is a type of 
microscopy where an electron-transparent specimen which is bombarded with a 
finely focused (<10 nm diameter) electron beam produced by thermionic emission 
heating (field emission) and with an acceleration voltage 50-150 kV under 
vacuum and the intensities of the transmitted electrons are measured.  
For preparation step, the sample was dispersed in a polymer solution to form 
a bulk sample after heat treatment. The samples cut with laser beam, and put on 
Cu grips. Figure 3.10 shows the FE-TEM machine. 
 
 
Figure 3.10 Field emission transmission electron microscopy machine 
 
3.5.5 X-Ray Spectrometry 
X-Ray photoelectron spectroscopy (XPS, VG ESCA Scientific Theta Probe) 
using 1486.6 eV Al K-source was used to study the changes of the N 1s, C 1s, Pd 
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3d, Fe 2p, Co 2p, and Ni 2p of the ternary Pd-based supported on N-rGO 
catalyst. Figure 3.11 presented the instrument of XPS. The percentage of those 








        (3.3) 
Notation: 
 I = Fitted peak surface area 
 N = atomic content 
 S = atomic sensitivity factor (ASF)  
 c = each elements 
 n = totally elements 
Sample preparation of XPS analysis forms the thin powder which was 
compressed in compression machine. Some catalyst powder was flatted in the 




Figure 3.11 X-Ray spectrometry instrument 
 
3.6 Electrochemical Measurement 
Electrochemical measurements were performed using a three compartment 
cell via a potentiostat/galvanostat (Biologic VSP Bi-stat). Catalyst ink was 
prepared by mixing 9.50 mg of the catalyst, 2 ml of isopropanol, and 2 ml of DI 
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water. The ink (20 µL) and 5 µL of 0.1 wt% Nafion® solution were loaded on 
the GC disk and then left dry to room temperature, with a catalyst loading of 
200 µg/cm2. The CV, RRDE, and methanol oxidation measurements are shown 
in Figure 3.11. 
 
 
Figure 3.12 The CV, ORR, and methanol oxidation instrument 
 
3.6.1 Synthesize Nitrogen doped Reduced Graphene Oxide 
The cyclic voltammetry (CV) measurement was performed using 
conventional three electrodes electrochemical cell. The counter and reference 
electrode were Pt wire and a saturated calomel electrode (Hg/HgCl2 in saturated 
KCl solution), respectively. The CV measurement was done in 0.1 M KOH 
solution at a low scan rate of 10 mV/s. 
 
3.6.2 Rotating Ring-Disk Electrode 
A rotating ring-disk electrode (RRDE, PINE AFE6R2G-CAU) consisting 
of a glassy carbon (GC) disk and a gold ring was used as the working electrode. 
The counter and reference electrodes were Pt ring and a saturated calomel 
electrode (Hg/HgCl2 in saturated KCl solution). The electrolyte used an 
oxygen-saturated 0.1 M KOH solution. The ORR curves were scanned at a low 
scan rate of 10 mV/s to decrease the non-faradaic current from the catalyst and 
a rotation speed of 1600 rpm. A voltage of 1.1 V vs. RHE to the ring was 
utilized to produce a current to oxidize the peroxide ions and allow the 
determination of the hydrogen peroxide ion yield of the ORR on the GC disk.  
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3.6.3 Methanol Oxidation 
The methanol oxidation measurement was performed using the same 
instrument with ORR, a rotating ring-disk electrode (RRDE, PINE AFE6R2G-
CAU) consisting of a glassy carbon (GC) disk and a gold ring was used as the 
working electrode. The counter and reference electrodes were Pt ring and a 
saturated calomel electrode (Hg/HgCl2 in saturated KCl solution). The 
difference located in electrolyte where used 0.1 M KOH containing 0.1 M 
CH3OH. The ORR curves were scanned at a low scan rate of 10 mV/s and a 
rotation speed of 1600 rpm. 
 
3.6.4 Stability Test 
To evaluate the durability of catalyst, as-prepared catalysts were carried out 
by LSV in the potential range of 1 – 0.6 V vs. RHE and the scan rate of 50 mV 
s-1 in N2-saturated 0.1 M KOH. After 10000 cycles, the ORR was measured at 
the scan rate 10 mV s-1 using speed rotation 1600 rpm for 5 cycles under O2-
saturated 0.1 M KOH. Both of LSV and ORR were measured for three times. 
The stability test was measured for 30000 cycles using instrument as shown in 
Figure 3.12. The counter and reference electrodes were carbon rod and a 
saturated calomel electrode (Hg/HgCl2 in saturated KCl solution). 
 
 
Figure 3.13 Instrument assembly of stability test 
 
CHAPTER IV 
RESULTS AND DISCUSSION 
 
4.1 The Effect of Carbon Support 
To further maximize the activity of ternary Pd-M electrocatalysts and 
minimize the usage of Pd, it is very important to disperse ternary Pd-M 
electrocatalysts with high activities on supports. Using a high surface area support 
material would not only maximize the reactive surface area of the electrocatalyst 
for electron transfer but would also provide better mass transfer of the reactants to 
the electrocatalysts. In this work, reduced graphene oxide has synthesized by 
microwave hydrothermal method. 
 
4.1.1 X-Ray Diffraction Results 
The X-ray diffraction (XRD) patterns of carbon based are shown in Figure 4.1. 
The interlayer spacing of commercial graphene oxide (GO) was calculated by 
Bragg’s Law equation (equation 3.1) to be 0.792 nm according to the sharp 
diffraction peak (002) at around 2θ = 11.15° [99]. After microwave hydrothermal, 
the XRD pattern of reduced graphene oxide doesn’t show the sharp XRD peak of 
GO, while a new broad diffraction peak C (002) is appeared at around 2θ = 24.47° 
with decreased d-spacing about 0.363 nm. This implied that most of the 
oxygenated functional groups were removed and reduced to graphene [100-101]. 
This is indicating the recovery of a graphitic crystal structure. In this work, a 
microwave hydrothermal reaction to simultaneously doped nitrogen and reduce 
commercial GO. 
After microwave hydrothermal, the XRD pattern of N-rGO is appeared at 2θ 
= 25.63°, corresponding to C (002) with interlayer spacing of 0.347 nm, indicating 
the addition of urea not only results in nitrogen doping, but also enhances the 
reduction of GO, as can be proved by the decrease of oxygen content in N-rGO 
[91]. The higher peak of rGO and N-rGO shift to higher angle indicating the 
slightly structure changes were occurred after deoxidation and nitrogen doping 
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respectively [102]. The peak position 2θ and d-spacing of GO, rGO, and N-rGO 
can be summarized at Table 4.1. 




















Figure 4.1 XRD patterns of GO, rGO, and N-rGO 
 
Table 4.1 XRD result of GO, rGO, and N-rGO 
Sample Peak position 2θ at (002) d-spacing (nm) 
GO 11.15 0.792 
rGO  24.47 0.363 
N-rGO  25.63 0.347 
 
4.1.2 Raman Spectra 
Raman scattering is strongly sensitive to electronic structure and it has been 
proved to be an essential tool to characterize GO, rGO, and N-rGO, particularly 
for distinguishing ordered and disordered crystal structures of carbon and carbon 
heteroatoms. In this work, the two remarkable peaks around 1343.42 and 1596.64 
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cm-1 (Figure 4.2) referred to the D-band and G-band of the graphene sheet [103]. 
The D-band is assigned to the vibrational mode induced by the disordered 
structure, meanwhile the G-band is corresponding to the E2g vibration of sp
2-
bonded graphitic carbon system [104-105]. Therefore, the ratio of intensities for 
the D-band and G-band is used to indicate the graphitization degree for the 
carbon-based materials [106]. 
In this work (Table 4.2), it can shows that the higher D-band intensity of GO 
due to the presence oxygen containing functional groups which created some 
defects, vacancies, and distortions of graphitic planes. Therefore the ID/IG of GO 
is very high. During reduction, the D-band intensity is reduced, which indicates 
the removal of most of the oxygen containing functional groups [30] and the 
reduction of GO under hydrothermal conditions tends to decrease the ID/IG value 
to be 1.06 of rGO [107] which is shown in Table 4.2, and also indicating that the 
recovery of a graphitic crystal structure which is correlated to XRD result. 
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225.87 188.32 1.20 
rGO 22.91 21.53 1.06 
N-rGO 68.41 59.77 1.14 
 
After nitrogen doping, it caused the formation of more defective sites. 
Therefore, the increased intensity of the D-band, increasing ID/IG to be 1.14 of N-
rGO (Table 4.2) indicates the attributed to the strong interaction between carbon 
and nitrogen which induces disorder in the carbon-carbon rings [108-110]. A 
decrease in the absolute magnitude of the raman (signal-to-noise of the spectra) 
which generated low intensity is caused by the presence of nitrogen doped [111]. 
The almost similar intensity ratio for rGO and N-rGO because of using the same 
microwave hydrothermal method as synthesized that removes the surface oxygen 
containing functional groups, therefore no significant difference is found in the 
Raman spectra [31]. 
 
4.1.3 Field Emission Scanning Elctron Microscopy with Energy Dispersive X-
Ray Spectroscopy 
The field emission scanning electron misroscopy (FE-SEM) images of carbon 
based has been investigated in Figure 4.3. The FE-SEM images has shown the 
morphology of GO, rGO, and N-rGO. The morphology of GO is observed as thick 
layered structures including wrinkled areas in Figure 4.3 (a). GO can be visualized 
as individual sheets of graphene decorated with oxygen functional groups [112], it 
is corresponding from energy dispersive X-ray spectroscopy (EDX) analysis is 
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Figure 4.3 FE-SEM images of (a) GO, (b) rGO, and (c) N-rGO 
 
The morphology of reduced graphene oxide is shown in Figure 4.3(b). These 
images demonstrate thin and wrinkled sheets transparent. Since hydrothermal 
reduction, the carbon content increases to 90.00 atomic%, which is at the expense 
of the great decrease of oxygen content. This phenomenon inidicates that the 
oxygen functionalities have been removed by hydrothermal method [89]. As can 
be seen in Figure 4.3 (c), the morpholgy of N-rGO is observed as interconnected 
of graphene sheets and overlapped structures, it is same with previous reported 
[88-91]. The interconnected with overlapped structures can serve as a buffering 
reservoir where the reactant can reduce the diffusional path to the interior, leading 
to higher ORR performance [113]. The synthesis of N-rGO under hydrothermal 
method with urea is not only nitrogen doped to rGO, but also can act as reducing 
agent to reduced graphene oxide [91]. It is confirmed with EDX analysis, 
decreasing oxygen content about 10 atomic% to 6.37 atomic% of rGO and N-rGO 
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Figure 4.4 EDX analysis of (a) GO, (b) rGO, and (c) N-rGO 
 
4.1.4 Cyclic Voltammogram 
The cyclic voltammogram (CV) of the GO, rGO, and N-rGO were 
investigated in 0.1 M KOH solution and it is shown in Figure 4.5. The CV of all 
samples shown in Figure 4.5 (a) in N2-saturated 0.1 M KOH do not show any 
significant peak, it is same with the previous reported [30]. As can be seen in 
Figure 4.5 (b), the cathodic reduction peak of the GO appeared at 0.61 V (vs. RHE) 
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sample, which can be attributed to the presence of oxygen functional goups on the 
GO sheets [114].  




















































Figure 4.5 CV curves of GO, rGO, and N-rGO in 0.1 M KOH solution under (a) 
N2-saturated and (b) O2-saturated 
 
After hydrothermal reduction of GO, cathodic reduction peak shifted 
positively to 0.71 V (vs. RHE) and 0.72 V (vs.RHE) of rGO and N-rGO 
respectively with increasing peak current density, indicating N doped to rGO can 
improve ORR activity [115]. The change in shape of the CV curves demonstrates 
the increase of the non-Faradaic currents induced by the increase in effective 
surface area of the electrically conductive graphene which is generated by the 
reduction of GO [112]. It can be seen that the excellent pseudo-capacitance of N-
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rGO was contributed by nitrogen doping on the interconnected structure of 
graphene [116-117]. 
 
4.1.5 Oxygen Reduction Reaction 
The oxygen reduction reaction (ORR) polarization curves for these catalysts 
were investigated in O2-saturated 0.1 M KOH solution using a rotating ring disk 
current (RRDE) at 1600 rpm shown in Figure 4.6. It is shown the RRDE plots for 
each samples, showing the measured disk current ID at the bottom and the 
measured ring current IR at the top. As observed from Figure 4.6 (a) shows a 
pronounced electrocatalytic ORR activity of N-rGO with more positive ORR 
onset potential (0.84 V vs. RHE) and higher cathodic current density at 0.1 V vs. 
RHE (3.82 mA cm-2) than for rGO and N-rGO shown in Table 4.3. The more 
positive onset potential as well as the higher current density of N-rGO may be due 
to effect of the doped nitrogen species as well as the interconnected structure of 
rGO. The heteroatom doping can increase the electronic conductivity of the 
carbon materials due to pseudo-capacitance contribution in Figure 4.5 (b) in 
comparison with the non-doped ones [31-32]. Thus, oxygen could be easily 
absorbed onto the catalyst surface with preferred configuration in a large quantity, 
and the electrons could be transferred into the catalyst without difficulty [118]. It 
is also correlated to morphology in Figure 4.3(c), the interconnected of graphene 
sheets and overlapped structures are beneficial for oxygen diffusion which makes 
an easier contact between oxygen molecules and catalytic site [113, 119]. 
The electron transfer number (n) is one of the most important characteristics 
of the electrocatalytic oxygen reduction reaction (ORR) in aqueous electrolytes. 
This characteristic not only influences the efficiency of oxygen conversion but 
also provides information on the ORR mechanism. As can be seen in Table 4.3, 
the electron transfer number of N-rGO (3.88) is higher than rGO (3.51). Hence, 
we thought the higher electron transfer number of N-rGO almost depend on 
nitrogen doping effects. Doping the graphene with heteroatoms (nitrogen) 
introduces electrocatalytic active sites and increases the electrical conductivity as 
well as surface hydrophilicity [120]. The highest electron transfer number 
generated by GO because GO plays the role of a charge sink to allow rapid charge 
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transfer in redox reaction [121], but a thick layered strutures which is shown in 
Figure 4.3 (a) will lead to a large ohmic resistance and significant mass transport 
limitations [82] and due to the degradation of surface functional group [114]. 
 
















































Figure 4.6 ORR performances of GO, rGO, and N-rGO in 0.1 M KOH solution 
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density at 0.1 







GO 0.72 1.74 3.94 1.74 
rGO 0.82 2.73 3.51 24.34 
N-rGO 0.84 3.82 3.88 6.07 
 
4.2 The Effect of Transition Metals on Ternary Palladium-based Catalyst 
The ternary Pd-M (M = Fe, Ni, and Co) nanoparticles have been extensively 
studied as electrocatalysts for the oxygen reduction reaction (ORR) in alkaline 
media. Catalytic activity can be influenced by the additional metals on ternary Pd-
based catalyst [122]. 
 
4.2.1 X-Ray Diffraction Results 
The X-ray diffraction (XRD) pattern of Pd/N-rGO and ternary Pd-based/ N-
rGO electrocatalysts can be shown in Figure 4.7. The diffraction peak of Pd/N-
rGO located at about 2θ = 25.39° corresponds to the characteristic of N-rGO and 
also can be observed at 40.1°, 46.7°, and 67.8° are characteristics of crystalline 
face centered cubic (fcc) Pd nanoparticles (PDF 46-1043), corresponding to the 
(111), (200), (220) planes, respectively. For the diffraction peak located at 2θ = 
40.33°, 40.53° and 40.26° of PdFeNi/N-rGO, PdCoNi/N-rGO, and PdFeCo/N-
rGO respectively, which is close to the (111) plane of Pd nanoparticles. For all 
XRD patterns of ternary Pd-M/N-rGO do not show any peaks of Ni (PDF 04-
0850), Co (PDF 15-0806), or Fe (PDF 06-0696), investigating because of the 
addition particles may be of significantly small size and be present in a small 
amout [123-124]. They also show a slight shift to higher 2θ values due to Ni, Co, 
and Fe are alloyed with Pd [125-126]. He et al. [127] also introduces the 
incorporation of Fe, Co, and Ni atoms into the Pd fcc structure would result in the 
formation of ordered intermetallic phases with a concomitant lattice contraction, 
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so influences the shifted of diffraction peaks to higher angle. The transition metals 
in the XRD patterns indicate a gradually changing average nanoparticle crystal 
structure and since no sharp peaks were observed [128] in Figure 4.7. According 
to the Debye-Scherrer formula (equation 3.2), the smaller the particle size is, the 
larger the half-peak width is, and the weaker the corresponding peak intesity is 
[129]. 































Figure 4.7 XRD patterns of Pd/N-rGO and ternary Pd-based/N-rGO 
 
Table 4.4 XRD result of Pd/N-rGO and ternary Pd-based/N-rGO 
Sample Peak position 2θ at (111) Crystallite size (nm) 
Pd/N-rGO  40.10 16.29 
PdFeNi/N-rGO  40.33 8.02 
PdCoNi/N-rGO  40.53 7.61 
PdFeCo/N-rGO  40.26 7.08 
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4.2.2 Raman Spectra 
Raman spectroscopy was used to further examine the ordered and disordered 
crystal structure of graphene sheets. The two remarkable peaks around 1346.78 
and 1596.45 cm-1 (Figure 4.8) referred to the D-band and G-band of the graphene 
sheet [103]. The D band becomes prominent when defects are introduced in 
graphene [130]. It can be shown in Table 4.5, all spectra the ID/IG ratio of ternary 
Pd-based/N-rGO were increased compared to Pd/N-rGO, it suggested the clear 
change in carbon system due to the incorporation of some extra defects (transition 
metals) in graphene [131]. The ID/IG ratio of all catalysts has shown a relative 
same value which is indicated that microwave hydrothermal method is not given 
influenced the each bonding of catalysts. 
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22.27 21.39 1.04 
PdFeNi/N-rGO 62.13 53.68 1.16 
PdCoNi/N-rGO 64.52 56.71 1.14 
PdFeCo/N-rGO 65.92 56.44 1.17 
 
4.2.3 Field Emission Scanning Elctron Microscopy with Energy Dispersive X-
Ray Spectroscopy 
The field emission scanning electron misroscopy (FE-SEM) images of of 
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As can be seen in Figure 4.9, all particles of ternary Pd-M are observed with 
large agglomerates. These large agglomerates might be ascribed to the fast 
reduction process [36]. The physical phenomenon of rotary evaporator is used to 
make ternary Pd-M supported on N-rGO in N-hexane solution. N-hexane solution 
can distributed uniformly of metal nanoparticles, as well as porous materials used 
as supports with a high surface area [132-133]. As can be seen in Figure 4.10, all 
metal particles distributed on the N-rGO are uniformly. There is also no obvious 
large agglomeration of particles on the surface N-rGO, this phenomenon also 
occured because the nitrogen doping provides more defect locations for the 




Figure 4.10 FE-SEM image of (a) Pd/N-rGO, (b) PdFeNi/N-rGO, (c) PdCoNi/N-
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Figure 4.11 EDX patterns of (a) Pd/N-rGO, (b) PdFeNi/N-rGO, (c) PdCoNi/N-
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Dark and bright spots indicate existing electron from different elements. Dark 
spots corresponds the beam travels into hole in the sample and the amount of 
secondary electrons in the surface is reduced. Bright spots are caused by incident 
beam scans across hill on samples and they have more electrons on the sample 
surface. Those observations also contribute the element that exist in prepared 
powder catalyst. For energy dispersive X-ray spectroscopy (EDX) analysis in 
Figure 4.11, the nanocatalysts contain C, N, O, and ternary Pd-M nanoparticles of 
each others. The presence of O peak, which is due to residual oxygen containing 
functional groups on N-rGO [36], while the presence of Pd, Fe, Co, and Ni proved 
that ternary Pd-M nanoparticles were successfully loaded on the N-rGO surface. 
 
4.2.4 Cyclic Voltammogram 
To investigate the electrocatalytic ORR performance of catalysts, cyclic 
voltammmetry (CV) was performed in 0.1 M KOH solution in Figure 4.12 (a) and 
Figure 4.12 (b) for N2 and O2 saturated respectively. The CV of commercial Pt/C 
in N2 saturated exhibit the typical hydrogen underpotential adsorption and 
desorption peaks in the region 0.1 - 0.45 V vs. RHE, while oxide formation for 
oxidation and reduction peak of Pt were seen at 0.85 and 0.71 V vs. RHE 
respectively, which is consistent with findings reported in the literature [48]. 
Oxide formation on Pt in alkaline media are due to spesific adsorption OH- and 
either desorption of oxygen containing species or reduction of the platinum itself 
from the supporting electrolyte during oxidation and reduction respectively [56, 
135-136]. For N2 saturated KOH solution in Figure 4.12 (a) show oxide formation 
of Pd reduction peaks at 0.66, 0.67, 0.67, and 0.69 vs. RHE of Pd/N-rGO, 
PdFeNi/N-rGO, PdCoNi/N-rGO, and PdFeCo/N-rGO respectively. These values 
are slightly negatively shifted compared with commercial Pt/C. As can be seen in 
Figure 4.12 (a) in case of Pd/N-rGO and ternary Pd-M/N-rGO, the CV give low 
intense hydrogen adsorption and desorption peaks in the low potential region, 
which is same reported with the previous reported [137].  
For O2 saturated KOH solution in Figure 4.12 (b), the ORR onset potential 
(Eonset) of Pd/N-rGO was located at 0.86 V vs. RHE with the cathodic reduction 
peak at 0.74 RHE. After incorporation of Fe, Co, and Ni atoms in the Pd 
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nanoparticles, both Eonset and the ORR reduction peak potential were positively 
shifted to (0.87 and 0.76) V vs. RHE of PdFeNi/N-rGO, (0.89 and 0.77) V vs. 
RHE of PdCoNi/N-rGO, and (0.93 and 0.79) V vs. RHE of PdFeCo/N-rGO, 
accompanied by a concomitant increase in the peak current density. It can be 
indicated the incorporation transition metals on surface graphene sheets can 
improve ORR activity [115, 138]. 
 
 
Figure 4.12 CV curves of Pd/N-rGO, ternary Pd-M (M = Fe, Ni, and Co)/N-rGO, 
and Pt/C in 0.1 M KOH solution under (a) N2-saturated and (b) O2-saturated 
 
4.2.5 Oxygen Reduction Reaction 
The oxygen reduction reaction (ORR) polarization curves for these catalysts 
were investigated in O2-saturated 0.1 M KOH solution using a rotating ring disk 
current (RRDE) at 1600 rpm shown in Figure 4.13. It is shown the RRDE plots 
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for each samples, showing the measured disk current ID at the bottom and the 
measured ring current IR at the top.  
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Figure 4.13 ORR performances of Pd/N-rGO, ternary Pd-M (M = Fe, Ni, and 
Co)/N-rGO, and Pt/C in 0.1 M KOH solution under O2-saturated (a) ring-disk 
current, (b) electron transfer number, and (c) %HO2
- 
 
As can be observed at Figure 4.13 (b), the onset potential and the current 
density for ternary Pd-M are calculated 0.87, 0.89, and 0.93 V vs. RHE of 
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PdFeNi/N-rGO, PdCoNi/N-rGO, and PdFeCo/N-rGO respectively. The more 
positive onset potential as well as the higher current density of all ternary Pd-
M/N-rGO from the Pd/N-rGO (Table 4.6) indicates that the transition metals 
enhanced the activity of ORR. The incorporation of Fe, Co, and Ni atoms in the 
Pd nanoparticles would adjust the compressive strain of the Pd surface, resulting 
in a change in the Gibbs free energy of the intermediate state and providing an 
effective approach to improve the catalytic activities of the Pd [139-140]. The 
highest onset potential of PdFeCo/N-rGO and closed to Pt/C of 0.99 V vs. RHE 
are caused by the strong incorporation of Fe and Co atoms in the Pd nanoparticles. 
The effect of Co presence is the decrease in metal particle size, thus increasing 
ORR activity [18, 55], it is also correlated with the particle size which is 
calculated by Debye-Scherrer formula (Table 4.4). Iron can greatly increase 
catalyst activity due to the strong bonding of Fe with nitrogen doped carbon based 
(Fe-NCX), so it can be conclude that the bonding iron with nitrogen doped rGO is 
also important plays to enhance the ORR activity [56, 141]. The highest ORR 
performance of PdFeCo/N-rGO with increase diffusion limited current density 
due to the uniform distribution of active sites on the catalyst surface [136], which 
is coressponding to HAADF-STEM-EDS in Figure 4.15. The ORR acticity can be 
summarized at Table 4.6. 
On the other hand, the high yield of the peroxide (HO2
-) in the ORR 
mechanism may damage the catalyst or the membrane in the membrane electrode 
assembly (MEA) [142]. The transferred electron number (n) and the HO2
- yield of 
the catalysts are shown in Figure 4.13 (c) and 4.13 (d) respectively. The Pt/C 
through a four-electron process over 0.99 V vs. RHE, and the HO2
- yield is 
negligible. While the transferred electron number (n) of catalysts at potentials of 
0.1 to 0.8 V vs. RHE is evaluated to be average 3.87, 3.93, 3.94, and 3.96 of 
Pd/N-rGO, PdFeNi/N-rGO, PdCoNi/N-rGO, and PdFeCo/N-rGO respectively, 
which suggests a direct reduction of O2 to H2O via 4e
- pathway [36]. In either case, 
a low value for the transferred electron number indicates that the catalyst may 
generate a significant amount of the HO2
- yield as intermediate product [143]. 
Therefore, the reaction used 4e- pathway to produce less H2O. It is correlated with 
the catalysts generated which is shown in Table 4.6, a decreasing value of the 
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electron transfer number (n) would increased amount of the HO2
- yield. It is 
confirmed that PdFeCo/N-rGO has the highest transferred electron number (n) 
and least of the HO2
- yield compare with the other ternary Pd-based/N-rGO 
catalysts, indicating it is most likely reducing oxygen via the highly desirable and 
efficient direct 4e- process where O2 is completely reduced to OH
-, without 
producing significant amounts of intermediates [53]. 
 




(V vs. RHE) 
Current 
density at 0.1 







Pd/N-rGO 0.86 2.78 3.87 6.23 
PdFeNi/N-rGO 0.87 3.63 3.93 3.43 
PdCoNi/N-rGO 0.89 3.73 3.94 2.83 
PdFeCo/N-rGO 0.93 5.05 3.96 2.00 
40% Pt/C 0.99 5.55 4.00 ~0.00 
 
4.2.6 Field Emission Trasnmission Electron Microscopy 
The field emission transmission electron microscopy (FE-TEM) test were 
carried out in order to observe the shape, structure, and dispersion of  the 
synthesized PdFeCo nanoparticles as the best sample over the support, which is 
shown in Figure 4.14. In Figure 4.14 (a) can be observed, the small nanoparticles 
are distributed uniform on the surface of N-rGO with the particle size is around 
10-20 nm. The crystallite size measured by TEM is higher than the crystallite size 
from XRD analysis is due to overlapped of the particles. The TEM images 
indicate that the nanoparticles had a mixture of irregular and square shape in 
Figure 4.14 (b). The differences in shape indicate that doping of various transition 
metals in Pd would affected strongly in its morphology [144]. The second reasons 
is due to rGO plays a different role during formation, perhaps modifying the 
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nucleation and reduction which are influence for the undirectional growth, which 
is determined by the presence or absence of carbon functional groups on the 
surface which may act as anchoring centers as nucleation sites [34]. The high-
resolution TEM (HRTEM) images are shown in Figure 4.14 (c). The lattice 
fringes distance are found to be 0.226 nm and 0.228 nm which are close to the 
(111) lattice of the face-centered cubic (fcc) planes of Pd metal (0.224 nm) 
according to the PDF 46-1043. This result demonstrates the preferential growth 
along the (111) directions of the PdFeCo nanoparticles. The anisotropic growth 
along the (111) direction is due to the low surface energy of the (111) crystal 










Ternary Palladium Based Cathode Catalyst Supported on Nitrogen Doped  
 Reduced Graphene Oxide for Anion Exchange Membrane Fuel Cell 
 
 
70 Frizka Vietanti 
 02511650010006 
 
Figure 4.15 HRTEM images of PdFeCo/N-rGO 
 
High-angle annular dark-field scanning transmission electron microscopy – 
energy dispersive X-ray spectroscopy (HAADF-STEM-EDS) is employed to 
study the elemental composition and distribution of catalyst. Figure 4.15 shows 
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the HAADF-STEM-EDS mapping of each elements of PdFeCo/N-rGO 
nanocatalyst. These images show that Pd, Fe, Co, N, C, and O are uniformly 
distributed in the whole PdFeCo/N-rGO nanocatalyst. The result indicates that the 
three elements (Pd, Fe, and Co) mixed very well on the N-rGO surface, which 
confirms that the PdFeCo/N-rGO has been successfully synthesized. The presence 
of O, which is due to residual oxygen containing functional groups on N-rGO [36]. 
 
4.2.7 X-ray Photoelectron Microscopy 
The X-ray photoelectron microscopy (XPS) test were carried out in order to 
further investigate the reduction level and determine the composition of  the 
synthesized PdFeCo nanoparticles as the best sample over the support. The 
elemental percentages of each elements are shown in Table 4.7. The precentage 
atomic ratio of transition metals alloyed to Pd (3.57: 1.18: 0.90) are closed to 
experimental design (3:1:1). As shown in Figure 4.16, the XPS exhibits the 
presence of Pd, Fe, Co, C, and N elements on the PdFeCo/N-rGO catalyst. In 
Figure 4.16 (a), the XPS spectrum of Pd shows characteristic peaks at 335.2 and 
341.2 eV corresponding to the Pd 3d5/2 and Pd 3d3/2 respectively. Compared to the 
standard spectra of metal Pd0, the binding energies of Pd increase greatly (from 
335 eV to 335.2 eV and from 340 eV to 341.2 eV), these result is due to the 
presence a transition metal support interaction occurs between Pd nanoparticles 
and N-rGO support [146]. While the components at binding energy of 336.4 eV 
and 342.5 eV are attributed to Pd2+. The existence of Pd2+ may be attributed to the 
following reasons: (a) the Pd-N bond formed at the interface of Pd/N-rGO, (b) the 
reduction of Pd2+ was not completed from precursor; (c) the external metal Pd0 is 
likely oxidized to Pd2+ at ambient conditions [147-149].  
There are two main peaks observable at the high resolution XPS spectrum for 
Fe 2p region at 711.7 eV and 723.9 eV corresponding to the Fe 2p3/2 and 2p1/2 
respectively in Figure 4.16 (b). These peaks increase slightly (from 707 eV to 
711.7 eV and from 720 eV to 723.9 eV) compared to the standard spectra of metal 
Fe0, indicating oxidised Fe species. This phenomenon occured due to the catalyst 
is exposed to air for a certain time during the sample preparation and it is well 
known that Fe is highly sensitive to air, being easily oxidised [150]. The 
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predominant 2p3/2 and 2p1/2 peaks of Co
0 are observed at 778.57 eV and 793.06 




Figure 4.16 The XPS spectra of PdFeCo/N-rGO (a) Pd-3d spectra, (b) Fe-2p 
spectra, (c) Co-2p spectra, (d) C-1s spectra, and (e) N-1s spectra 
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These peaks also increase slightly (from 778 eV to 778.57 eV and from 793 
eV to 793.06 eV) compared to the standard spectra of metal Co0 and in addition 
the shake-up satellite (sat.) peaks at the high binding energy side of the Co 2p3/2 
and Co 2p1/2 at 784.7 eV and 800.28 eV, indicating the presence of Co
2+ which 
may be caused by the surface oxidation or chemisorption of environmental 
oxygen during the synthesis process [151-152]. 
 
Table 4.7 The elemental percentages of PdFeCo/N-rGO 
Catalyst Pd (at %) Fe (at.%) Co (at.%) C (at.%) N (at.%) 
PdFeCo/N-
rGO  
6.07 2.01 1.53 73.16 17.23 
 
The presence of C and N also show in Figure 4.16 (d) and 4.16 (e) 
respectively. As can be seen in Figure 4.16 (d), the formation of C-C/C=C, C-
N/C=O, C-O/O-C=O, and C=O are located at 284.6 eV, 286.3 eV, 287.97 eV, and 
289.3 eV respectively, indicating by the C 1s XPS spectra [153]. The N 1s 
spectrum in Figure 4.16 (e) suggests the presence of three types of N, including 
pyridinic-N (398.32 eV), pyrrolic-N (399.48 eV), and graphitic-N (400.48 eV) 
[91]. The main type of plannar pyridinic-N and pyrrolic-N may possess a low 
electrical resistance and high electrocatalytic activity of the N-rGO since the 
nitrogens with planar sp2 hybridization would not interrupt the π-π conjugation 
and avoid an intrinsic barrier impairing a continuous pathway for electron 
transport, thus may be activated where O2 molecules could be adsorbed and 
reduced during the ORR [87, 154-158]. Meanwhile several research groups have 
reported that the pyridinic-N was the active site to enhance the ORR activity of 
the N-doped carbon materials, some others suggested that more graphitic-N atoms, 
rather than the pyridinic ones, are important for the ORR [159-160]. 
 
Table 4.8 The percentages of N-types in PdFeCo/N-rGO 
Catalyst Pyridinic-N (%) Pyrrolic-N (%) Graphitic-N (%) 
PdFeCo/N-rGO 23.78 37.39 38.83 
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4.2.8 Methanol Oxidation 
Methanol produces CO2 on electro-oxidation and carbonate formation, which 
is shown in equation 2.7 can be even more of a problem when a methaol fuel cell 
is operated with a liquid alkaline electrolyte. The methanol ozidation of 
PdFeCo/N-rGO and commercial 40% Pt/C is shown in Figure 4.17. For Pt/C 
exhibited a marked change in its ORR polarization curve after the addition of 0.1 
M MeOH, the half-wave potential shift negatively, indicating the methanol and 
oxygen simultaneously react at the surface of the particles [93]. Despite 
PdFeCo/N-rGO shows the peak oxidation affected by the presence of methanol 
but its peak shows a narrow shape and leads to a lower current density value than 
previous reported [94]. The affected of peak oxidation indicates that the 
supporting electrolyte can influence the reaction products during the ORR process 
in presence of methanol [56, 94]. It can be suggested that the PdFeCo/N-rGO is 
more effective for cathode catalyst in alkaline media in presence of methanol than 
previous reported [94]. 















 PdFeCo/N-rGO 0.1M MeOH














Figure 4.17 Methanol oxidation of PdFeCo/N-rGO and Pt/C in 0.1 M KOH + 0.1 
M MeOH solution under O2-saturated 
 
4.2.9 Stability Test 
For practical fuel cells, the long-term stability of the electrode is of great 
importance. The stability of PdFeCo/N-rGO catalyst has also been evaluated 
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compared to commercial 40% Pt/C in Figure 4.18. The both catalyst were 
employed for ORR after scanning LSV curves in an O2-saturated 0.1 M KOH 
solution. As can be seen in Figure 4.18 (b), Pt/C loses significant activity about 
14.76% from initial value after 30000 cycles for both in kinetic and diffusion 
limiting regions (Table 4.9). This phenomenon would result from Pt dissolution, 
redeposition on the catalyst surface and Pt migration through the surface [161]. 
The dissolved Pt2+ ions can be redeposited on the Pt surface, resulting in the 
formation of larger less dispersed Pt nanoparticles, this phenomenon known as 
Ostwald ripening [162]. 
 
 
Figure 4.18 The stability performance of (a) PdFeCo/N-rGO and (b) Pt/C in 0.1 M 
KOH solution under O2-saturated 
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Table 4.9 Stability parameters of PdFeCo/N-rGO and Pt/C  
Catalysts PdFeCo/N-rGO Pt/C 
Initial half-wave (mV)  799 813 
10000 cycles (mV) 773 707 
20000 cycles (mV) 765 695 
30000 cycles (mV) 757 693 
ΔE1/2 (mV) 42 120 
 
In contrast with PdFeCo/N-rGO, it loses significant activity about 5.25% 
from initial value after 30000 cycles in diffusion-limiting regions, but slow 
degradation in kinetic region, which is due to the existence of π bonds and well 
dispersed PdFeCo nanoparticles on graphene sheets which actually the synergetic 


















The nitrogen doped reduced graphene oxide (N-rGO) has successfully 
snynthesized by microwave hydrothermal method. The X-ray diffraction (XRD) 
patterns confirmed the presence of N-rGO caused the increase slightly peak at 
higher angle indicating the slightly structure changes were occurred after 
deoxidation and nitrogen doping. After nitrogen doping, it caused the formation of 
more defective sites with increasing ID/IG which confirmed from raman spectra. 
The interconnected of graphene sheets with overlapped structures of N-rGO can 
serve as a buffering reservoir where the reactant can reduce the diffusional path to 
the interior and the excellent pseudo-capacitance of N-rGO which was confirmed 
by CV curve, leading to higher ORR performance. The oxygen reduction reaction 
(ORR) of N-rGO show the highest onset potential and current density lead the 
highest electron transfer number and least yield of % HO2
- compared other carbon 
based catalysts. 
The high performance of N-rGO lead to make a composite with ternary Pd-M 
(M = Fe, Ni, and Co) as supported carbon based material. The Pd-M catalysts has 
successfully synthesized by emulsion method. The ternary Pd-M supported on N-
rGO already successfully synthesized by rota-evaporation method with the 
presence N-hexane solution. The ORR performance show the PdFeCo/N-rGO is 
the best catalyst compared with others (PdFeCo/N-rGO > PdCoNi/N-rGO > 
PdFeNi/N-rGO) with the highest onset potential and current density. The highest 
electron transfer number of PdFeCo/N-rGO which is close to dominant four 
electron pathway generates least yield of % HO2
-. This is confirmed from XRD 
pattern which resulted the smallest crystallite size which is calculated by Debye-
Scherrer formula. The highest ID/IG of PdFeCo/N-rGO caused extra defects on 
carbon and lead to higher ORR performance. There is also no obvious large 
agglomeration and homogeneous distribution of particles on the surface N-rGO 
which confirmed from field emission scanning electron microscopy (FE-SEM) 
and representative field emission transmission electron microscopy (FE-TEM) 
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images. X-ray photoelectron spectroscopy (XPS) results confirmed the presence 
of Pd, Fe, Co, N, and C in PdFeCo/N-rGO which are agreed with the experimental 
design of ratio. The presence highest precentage of graphitic-N can increase active 
site leading to enhance the ORR activity. 
For practical fuel cells, the tolerance from methanol oxidation and the long-
term stability of the electrode are of great importance. The affected limiting 
current density of PdFeCo/N-rGO only fluctuation slightly mainly due to the 
presence of methanol in alkaline solution. For stability test, it is confirmed that the 
PdFeCo/N-rGO has an excellent stability compared to the commercial Pt/C after 
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